Introduction
============

Newcastle disease (ND) is a highly contagious viral disease of poultry that is characterized by nervous, respiratory, enteric, and reproductive infections. The causative agent of Newcastle disease is the virulent ND virus (vNDV), which belongs to the order Mononegavirales, family Paramyxoviridae, and genus *Avulavirus*.[@b1-ijn-9-389] NDV is a single stranded, non-segmented, enveloped ribonucleic acid (RNA) virus with negative polarity and consists of six genes that encode six major proteins, including RNA polymerase (*L* gene), hemagglutinin-neuraminidase (*HN* gene), fusion (*F* gene), matrix (*M* gene), phosphoprotein (*P* gene), and nucleocapsid (*NP* gene) proteins, in order from the 5′ terminus to the 3′ terminus.[@b2-ijn-9-389],[@b3-ijn-9-389] Among these proteins, the F protein is an indispensable glycoprotein that allows the virus to bind and fuse to the host cells to initiate ND and induce vaccine immunity.

ND has been a devastating disease and still remains one of the major problems in existing and developing poultry industries in many countries.[@b4-ijn-9-389] There are no treatments available for ND. Vaccination, however, is an effective method to control ND. The NDV inactivated vaccines and attenuated live vaccines are used universally to control ND. However, these conventional vaccines have some disadvantages.

Live vaccines have some limitations, including the need for biocontainment during production, cold chain requirements, and safety concerns due to the possibility of reversion, especially for RNA viruses.[@b5-ijn-9-389],[@b6-ijn-9-389] A major problem with the use of inactivated vaccines administered by the mucosal route is that they generally have poor immunogenicity and can cause disease if they are not completely inactivated.[@b7-ijn-9-389] Due to the disadvantages of these vaccines, there is a need to improve and extend the impact of vaccination programs against NDV. Novel strategies, such as using deoxyribonucleic acid (DNA) vaccines, are being developed to produce a new formulation of vaccines, which can improve efficacy.[@b8-ijn-9-389] DNA vaccines represent a promising technology due to their safety, genetic stability, ease of production, non-requirement for cold chain, and activation of innate immunity pathways.[@b9-ijn-9-389],[@b10-ijn-9-389] Until recently, intramuscular injection was the primary route for DNA vaccine administration. After intramuscular injection, it is difficult for the vaccines to move through cell membranes, so only a small amount reaches antigen-presenting cells (APCs) to induce immune responses.[@b11-ijn-9-389]--[@b13-ijn-9-389] A number of clinical trials[@b14-ijn-9-389] have shown that the magnitude of immune responses elicited by DNA vaccines is generally weaker, especially in large animals, so the amount of DNA required for effective immunization is much greater. Therefore, the development of DNA vaccine candidates has been limited due to their relatively modest immunogenicity.[@b14-ijn-9-389] In recent years, several strategies have been proposed to improve the efficacy of DNA vaccines through optimizing the plasmid, improving delivery methods and routes of immunization, targeting for effective antigen presentation, and utilizing the powerful adjuvant to enhance immunogenicity.[@b15-ijn-9-389],[@b16-ijn-9-389]

Among these antigen delivery systems, the nanoparticles prepared by biomaterials can offer several advantages over other antigen delivery systems. For instance, they can protect antigen against degradation in vitro and in vivo, limit systemic distribution, and thereby reduce the dose and the probable side effects.[@b17-ijn-9-389] Chitosan is a natural biodegradable polysaccharide extracted from crustacean shells.[@b18-ijn-9-389] It has been proven that chitosan is non-toxic in both experimental animals[@b19-ijn-9-389] and humans.[@b20-ijn-9-389] Chitosan nanoparticles have the potential to act as mediators of protein antigens or plasmid DNA, and to protect against biological degradation by nucleases.[@b21-ijn-9-389],[@b22-ijn-9-389] Recently, chitosan nanoparticles have also been utilized for sustained release of various drugs, including oligonucleotides.[@b23-ijn-9-389]--[@b25-ijn-9-389]

Studies have shown that chitosan is a promising DNA vector with sustained-releasing ability.[@b26-ijn-9-389] Chitosan/DNA particle system prepared by this ionic gelation technique is suitable for mammalian cell transfection, and the expression level of the reporter gene with the chitosan particle system was comparable to that produced by the positive control.[@b27-ijn-9-389] Therefore, chitosan nanoparticles as a novel and efficient gene transduction vector, by use of their targeted and sustained release,[@b28-ijn-9-389],[@b29-ijn-9-389] can greatly enhance transfection and expression efficiency of DNA vaccines, thereby increasing their bioavailability.

Zaharoff et al demonstrated that chitosan solution improved humoral and cell-mediated immune responses to a subcutaneous vaccination with a model protein antigen in the absence of additional adjuvant.[@b30-ijn-9-389] Koppolu and Zaharoff demonstrated that chitosan nanoparticles were capable of efficiently delivering encapsulated antigens and enhancing the activation status of both macrophages and dendritic cells.[@b31-ijn-9-389] These studies laid a foundation for the use of chitosan nanoparticles as a mucosal immune delivery system.

In this paper, the F gene plasmid DNA of NDV encapsulated in chitosan nanoparticles (pFNDV-CS-NPs) was prepared by a complex coacervation method to enhance the efficacy of a DNA vaccine against ND. The immune responses elicited in specific pathogen-free (SPF) chickens by the pFNDV-CS-NPs were evaluated. In addition, bioactivity and safety of the chitosan nanoparticles were studied by transfection and cytotoxicity analyses. This work has laid a foundation for future work on a wide range of mucosa immunity delivery systems including those for DNA vaccines and drugs.

Materials and methods
=====================

Materials
---------

Eukaryotic expression plasmids (pVAX I-optiF), *Escherichia coli*, NDV F48E9 strain positive serum, and 293T cells were provided by State Key Laboratory of Veterinary Biotechnology, Harbin Veterinary Research Institute (HVRI), and the Chinese Academy of Agricultural Sciences (CAAS), Harbin, People's Republic of China. SPF chickens were provided and raised by Harbin Veterinary Research Institute Laboratory Animal Center. Chitosan (with a molecular weight of 71.3 kDa and deacetylation degree of 80%), fluorescein isothiocyanate (FITC)-labeled goat-anti-chicken IgG, and horseradish peroxidase (HRP)-labeled goat-anti-chicken IgG were purchased from Sigma-Aldrich (St Louis, MO, USA); HRP-labeled goat-anti-chicken IgA was purchased from Bethly Ltd (Montgomery, TX, USA); Lipofectamine™ 2000 transfection reagent was purchased from Invitrogen Corporation (Carlsbad, CA, USA); Cell Counting Kit-8 (CCK-8) from Dojindo Ltd (Tokyo, Japan); Agarose and SDS from GIBCOBRL Ltd (New Delhi, India); Dulbecco's Modified Eagle's Medium (DMEM) and GIBCO serum from GIBCO Ltd (New Delhi, India); and DNA marker DL 15000 and DNase I enzyme were purchased from TaKaRa (Tokyo, Japan). Newcastle Disease Antibody Test Kit was purchased from Beijing Aideshi Yuanheng Biological Technology Co, Ltd (Beijing, People's Republic of China). NDV vaccine strain LaSota was provided by State Key Laboratory of Veterinary Biotechnology, Harbin Veterinary Research Institute (HVRI), The Chinese Academy of Agricultural Sciences (CAAS), Harbin, People's Republic of China.

Extraction and purification of eukaryotic expression plasmid pVAX I-optiF
-------------------------------------------------------------------------

The eukaryotic expression plasmid pVAX I-optiF that expressed the F gene of NDV was extracted by the alkaline lysis method.[@b32-ijn-9-389] Extraction and purification of the large amount of the eukaryotic expression plasmid pVAX I-optiF were carried out as previously described.[@b33-ijn-9-389]

Preparation of chitosan solutions and plasmid DNA solutions
-----------------------------------------------------------

Chitosan solutions of 1.0% were prepared by slowly dissolving 1.0 g chitosan in an aqueous solution of 1.0% acetic acid and adjusted to different concentrations with 5.0 mmol/L acetate. The plasmid DNA solutions were diluted to different concentrations with Na~2~SO~4~ solution.

Preparation of the plasmid DNA chitosan nanoparticles
-----------------------------------------------------

The plasmid DNA chitosan nanoparticles were prepared by a complex coacervation method as described previously.[@b34-ijn-9-389] Briefly, 500 μL chitosan solutions with an equal volume of the plasmid DNA solutions were heated in a water bath of 55°C for 30 minutes. Subsequently, an equal volume of plasmid DNA solution was quickly transferred to the chitosan solutions and vortexed for 30 seconds at 2500 r/min. The plasmid DNA chitosan nanoparticles were collected by centrifugation at 2500 r/min for 10 minutes at 4°C, and the precipitate was resuspended in phosphate buffered saline (PBS). These nano-particles were simply named as the pFNDV-CS-NPs.

Optimization of the pFNDV-CS-NPs preparation conditions
-------------------------------------------------------

Several factors that affected the characteristics of the pFNDV-CS-NPs, including the concentrations of chitosan and flocculating agent Na~2~SO~4~ solutions, N/P ratio (referring to the number of nitrogen residues per DNA phosphate; volume \[v\]/v), and pH, were tested. Single factor experiments were performed on the effect of preparation conditions of the pFNDV-CS-NPs. Based on the results obtained in single factor experiments, the three key factors were chitosan concentration, flocculating agent Na~2~SO~4~ concentration, and N/P ratio (v/v). The orthogonal experiments with three factors and four levels were designed. Considering the DNA vaccine carrier, keeping other factors unchanged, the more DNA vaccines loaded into the nanoparticles, the more DNA vaccine available for transfecting the target. Therefore, encapsulation efficiency (EE) was used as the evaluation indexes to optimize the preparation conditions. The orthogonal experimental scheme is shown in [Table 1](#t1-ijn-9-389){ref-type="table"}.

Characterization of the pFNDV-CS-NPs
------------------------------------

The pFNDV-CS-NPs were examined by JEM-200EX transmission electron microscopy (TEM) (Hitachi Ltd, Tokyo, Japan) to assess the morphological and surface characteristics. Chitosan nanoparticle colloidal suspension was sonicated for 2 minutes for better dispersion and to prevent particle agglomeration on the copper grid. One drop of colloidal suspension was spread onto a carbon-coated copper grid, which was then dried at room temperature for TEM analysis.

The particle size and zeta potentials of the pFNDV-CS-NPs were measured using a Zeta Sizer 2000 from Malvern Instruments (Malvern, UK). Samples were diluted with pure water, and the measurements were performed at a scattering angle of 90 degrees and a temperature of 25°C. The diameter was calculated from the autocorrelation function of the intensity of light scattered from particles, assuming a spherical form of the particles.

Evaluation of encapsulation efficiency and loading capacity
-----------------------------------------------------------

The encapsulation efficiency and loading capacity of the pFNDV-CS-NPs were determined by the separation of nano-particles from the aqueous medium containing free plasmid DNA by centrifugation at 16,000 r/min for 10 minutes at 4°C. The amount of free plasmid DNA was measured in the clear supernatant using ultraviolet (UV) spectrometry. The amount of free chitosan in the supernatant was measured with a spectrophotometer at 595 nm and calculated by the standard curve:
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where W~0~ is the total amount of the plasmid DNA added, W~1~ is the amount of the free plasmid DNA, and W~CS~ is the amount of chitosan in the pFNDV-CS-NPs. All the measurements were performed five times.

Stability of the pFNDV-CS-NPs
-----------------------------

Both 1.35 μg of naked plasmid DNA (5.0 mmol/L Na~2~SO~4~) and the pFNDV-CS-NPs suspension containing 1.35 μg of plasmid DNA were incubated with DNase I (1.0 U/mL) at 37°C for 30 minutes, respectively. The reaction was stopped by adding 100 μL of termination solutions (400 mmol/L NaCl, 100 mmol/L ethylenediaminetetraacetic acid \[EDTA\], pH 8.0) at 65°C for 10 minutes. Then 16 μL of chitosanase (0.2 U/mL) and 4.0 μL of lysozyme (0.2 U/mL) were added and incubated in a 37°C water bath for 4 hours. The pFNDV-CS-NPs suspension and the naked plasmid DNA were used as negative controls. The integrity of plasmid DNA was analyzed using 0.8% agarose gel electrophoresis.

In vitro release of pFNDV-CS-NPs
--------------------------------

The pFNDV-CS-NPs suspension was centrifugalized at 16,000 r/min for 10 minutes at 4°C, and the precipitation was then resuspended with 1.0 mL PBS (pH 7.4) and stirred at 100 r/min at 4°C. At different time intervals (0, 6, 12, 18, 24, 36, 48, 72, 96, 120, 144, 168, 192, 216, and 240 hours), a sample was taken and centrifuged at 10,000 r/min for 10 minutes at 4°C. The concentration of released plasmid DNA in the supernatant was determined using UV spectrophotometry. The experiments were performed in triplicate. The plasmid DNA release curve of pFNDV-CS-NPs was plotted against the release time at the x-axis and the accumulative release amount at the y-axis.

In vitro expression of the pFNDV-CS-NPs
---------------------------------------

### In vitro transfection of pFNDV-CS-NPs

293-T cell monolayers were grown in polylysine treated 6-well plates at 37°C in a CO~2~ incubator, and were used for in vitro transfection analysis when 80% confluence was reached. The following experimental groups were set up: 1) naked DNA control -- 4 μg DNA was transfected into the cells according to the instructions from the Lipofectamine™ 2000 reagent kit; 2) pFNDV-CS-NPs -- the amount of pFNDV-CS-NPs equivalent to 4 μg DNA was added and incubated with the cells for 5 hours; 3) blank chitosan particle control -- the amount of chitosan equivalent to that in pFNDV-CS-NPs was added and the procedure was the same as in 2); and 4) cell free control -- DMEM containing 1% serum was added instead of cells. After initial transfection, the cells were incubated for 72 hours in DMEM containing 1% of serum. The cells were fixed and an indirect immunofluorescent method was used to detect the plasmid DNA expression in transfected cells. The dilutions of NDV positive serum and FITC labeled goat-anti-chicken IgG were at 1:100 and 1:2,000, respectively. All transfection experiments were performed in triplicate.

### In vitro expression of pFNDV-CS-NPS

293-T cells were grown in polylysine treated 6-well plates for 24 hours. DNA was extracted from pFNDV-CS-NPs, and 4 μg of extracted plasmids were transfected into the 293-T cells according to the instructions from the Lipofectamine™ 2000 reagent kit. After 72 hours, cells were lysed with radio-immunoprecipitation assay (RIPA) solution. The lysate was centrifuged at 14,000 r/min and 4°C for 15 minutes, and the supernatant aliquots were stored in a −80°C freezer. Western-blot analysis was carried out as previously described.[@b35-ijn-9-389] Briefly, the supernatant was mixed with 2 × sodium dodecyl sulfate (SDS) buffer and boiled for 8 minutes. After cooling to room temperature, 20 μL of the samples were loaded on a 12% SDS-polyacrylamide gel electrophoresis (PAGE) gel. After electrophoresis, proteins were transferred to a nitrocellulose membrane using a Bio-Rad Laboratories Inc (Hercules, CA, USA) semi-dry unit. The membrane was washed with PBS and blocked with 5% skimmed milk in PBS overnight, followed by incubation with NDV positive serum (hemagglutination-inhibition \[HI\] antibody titer 8.0 log 2) at a 1:100 dilution for 1 hour. After washing with PBS, HRP-labeled goat-anti-chicken IgG was added at a dilution of 1:2,000 for 1 hour; enhanced chemiluminescent (ECL) was used to visualize the band and the image was acquired using an Odyssey infrared imaging system (LI-COR Biosciences, Lincoln, NE, USA).

Evaluation of the safety of pFNDV-CS-NPs
----------------------------------------

### In vitro cytotoxicity of the pFNDV-CS-NPs

In vitro cytotoxicity of the pFNDV-CS-NPs was evaluated as previously described.[@b36-ijn-9-389] 293-T cells were cultured in DMEM and then diluted to 2×10^6^ cells/mL. Cells were transferred to 96-well plates at 200 μL per well and cultured at 37°C for 5 hours. Fifty microliters of pFNDV-CS-NPs (diluted in DMEM culture at 1 mg/mL) were added to the wells, followed by incubation at 37°C for 2 hours. Cell culture medium was used as a positive control for cell viability. Ten microliters of WST-8 reagent was added and incubated for 5 hours. Optical density (OD)~450~ was measured to determine the survival rate of the cells, which was calculated using the following formula:
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where As represents the test wells (containing cell medium, WST-8, and chitosan nanoparticles); Ac represents the control wells (containing cell medium and WST-8); and Ab represents the blank wells (containing cell medium only).

### Safety of the pFNDV-CS-NPs

Thirty 4-week old SPF chickens obtained from Harbin Veterinary Research Institute Laboratory Animal Center were randomly grouped into two groups: chickens in Group 1 were immunized intranasally with the pFNDV-CS-NPs containing 200 μg plasmid DNA; chickens in Group 2 were immunized intramuscularly with 200 μg naked plasmid DNA. Any abnormal changes in chickens were continuously observed and recorded for 3 weeks.

Immunization of SPF chickens
----------------------------

SPF chickens at 30 days old were randomly grouped into six groups; each group had 20 chickens. Chickens in Group 1 were immunized intramuscularly with PBS; chickens in Group 2 were immunized intramuscularly with the blank CS-NP; chickens in Group 3 were immunized intranasally with the blank CS-NP; chickens in Group 4 were immunized intramuscularly with naked DNA (200 μg); chickens in Group 5 were immunized intramuscularly with the pFNDV-CS-NPs (containing 200 μg plasmid DNA); and chickens in Group 6 were immunized intranasally with the pFNDV-CS-NPs (containing 200 μg plasmid DNA). Booster immunization was performed 14 days later with the same dose.

### IgG antibody in serum

Blood samples were collected from wing veins every week post primary immunization and serum was subsequently separated. The IgG levels in immune serum were measured using NDV IgG enzyme-linked immunosorbent assay (ELISA) Kit from Rapidbio Co, Ltd (West Hills, CA, USA) according to the manufacturer's instructions.

### IgA antibody assay

To evaluate the mucosal immune response, serum, tears, bile, and tracheal fluid were collected from two chickens once a week post-primary immunization. Mucosal extracts were obtained by centrifugation to collect the supernatant. IgA antibody was detected by NDV IgA ELISA Kit from Rapidbio Co, Ltd.

### Lymphocyte proliferation test

Lymphocyte proliferation of the immunized chickens was conducted using 3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) colorimetric assay as previously described.[@b26-ijn-9-389] All experiments were repeated three times and each was measured in triplicate. The OD570 was measured to determine the stimulation index using the following formula:
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where OD~570~ T is the average value of the test group and OD~570~ C is the average value of the control group.

### Protective efficacy

An experiment was carried out to evaluate the protective efficacy after inoculation with different vaccines. When the level of ND serum antibody of every immune group increased to 6.0 log 2, five chickens were selected at random from the six groups and infected intramuscularly with 0.1 mL of the highly virulent NDV strain F~48~E~9~ for challenge studies with a viral titer of 10^4.5^ EID~50~/0.1 mL. The genotype of NDV strain F~48~E~9~ is IX, and the strain F~48~E~9~ is a highly virulent strain (mean death time \[MDT\] ≤60 h, intracerebral pathogenicity index \[ICPI\] \>1.6). Clinical signs of disease and mortality were monitored on a daily basis, and continuously observed for 14 days. The infected chickens and corresponding negative control chickens were euthanized and the glandular stomach, duodenum, and bursa of Fabricius were collected for examination by histological staining.

### Statistical analysis

All experiments were repeated three times and each value was measured in triplicate. Data were presented as mean values ± standard deviation (SD). Mean values were analyzed using the one-sided Student's *t*-test. Differences were considered to be statistically significant at *P*\<0.05.

Results
=======

Optimization of the pFNDV-CS-NPs preparation conditions
-------------------------------------------------------

The factors that affected the pFNDV-CS-NPs preparation are ranked from high to low impact: N/P ratio \>chitosan concentration \>Na~2~SO~4~ concentration. The optimal combination for the pFNDV-CS-NPs was a chitosan concentration of 200 μg/mL, a Na~2~SO~4~ concentration of 5.0 mmol/L, and an N/P ratio of 3:1 ([Table 1](#t1-ijn-9-389){ref-type="table"}). EE was 98.37%±0.87% and LC was 36.12%±0.19%. A validation test was performed in which chitosan nanoparticles containing the plasmid DNA were prepared according to the above optimal combination (n=5), and the results showed that there was no significant difference in EE (*P*\>0.05; [Table 2](#t2-ijn-9-389){ref-type="table"}), indicating that the optimal combination was achieved.

Characterization of the pFNDV-CS-NPs
------------------------------------

Typical pFNDV-CS-NPs showed spherical and polydisperse nature as revealed by TEM ([Figure 1A](#f1-ijn-9-389){ref-type="fig"} and [B](#f1-ijn-9-389){ref-type="fig"}). The morphology of the pFNDV-CS-NPs had regular round shapes, smooth surfaces, and good dispersion, and did not have adhesion or subsidence damage. The average diameter was 199.5 nm, the particle-size dispersity was 0.336 ([Figure 2A](#f2-ijn-9-389){ref-type="fig"}), and the zeta potential was +12.11 mV ([Figure 2B](#f2-ijn-9-389){ref-type="fig"}).

Stability of plasmid DNA in the pFNDV-CS-NPs
--------------------------------------------

The naked plasmid DNA was degraded within 30 minutes of incubation with DNase I (Lane 3 of [Figure 3](#f3-ijn-9-389){ref-type="fig"}). The plasmid DNA encapsulated in chitosan nanoparticles was protected from degradation by DNase I and chitosanase (Lanes 4--5 of [Figure 3](#f3-ijn-9-389){ref-type="fig"}). The results demonstrated that chitosan encapsulation protected the DNA from DNase digestion.

In vitro release of the pFNDV-CS-NPs
------------------------------------

The in vitro release profiles showed that the encapsulated plasmid DNA was burst released within the first 24 hours and the release amount reached 31.67% ([Figure 4](#f4-ijn-9-389){ref-type="fig"}). From 24 to 120 hours, the release amount reached 71.73%; the plasmid DNA release amount reached 82.9% at 240 hours.

In vitro expression of the pFNDV-CS-NPs
---------------------------------------

As shown in [Figure 5](#f5-ijn-9-389){ref-type="fig"}, specific fluorescence was observed in the plasmid DNA from the pFNDV-CS-NPs transfected group ([Figure 5A](#f5-ijn-9-389){ref-type="fig"}) and the naked plasmid DNA group ([Figure 5B](#f5-ijn-9-389){ref-type="fig"}), but the blank CS-NP group ([Figure 5C](#f5-ijn-9-389){ref-type="fig"}) and the negative cell control group ([Figure 5D](#f5-ijn-9-389){ref-type="fig"}) had no observable fluorescence.

The antigen expression was further proven by Western blot ([Figure 5E](#f5-ijn-9-389){ref-type="fig"}), which showed that the plasmid DNA encapsulated in the pFNDV-CS-NPs and the naked plasmid DNA expressed the expected 58 kDa antigen in 293T cells, and the blank CS-NP and the cell control group had no expressed antigen. The above results prove that the plasmid DNA encapsulated in the pFNDV-CS-NPs expressed the antigen in vitro.

Evaluation of the pFNDV-CS-NPs safety
-------------------------------------

### In vitro cytotoxicity analysis of the pFNDV-CS-NPs

To test the safety of the pFNDV-CS-NPs as a DNA vaccine carrier for mucosal immune delivery system, cytotoxico-logical analysis was performed. The survival rate of chicken embryo kidney cells (CEK cells) in Group 1 (pFNDV-CS-NPs) was 84.36%±4.21%, and no significant changes in cell morphology were observed compared to control cells. The result showed that the pFNDV-CS-NPs had little cytotoxicity, but had a high safety level.

### In vivo safety analysis of the pFNDV-CS-NPs

No nervous signs, clinical symptoms, or necropsy lesions were observed in chickens immunized either with the pFNDV-CS-NPs or with the naked plasmid DNA within 3 weeks post inoculation. No obvious abnormal changes were observed in these immunized chickens. These revealed that the pFNDV-CS-NPs were safe by the administration routes.

Immune efficacy of the pFNDV-CS-NPs
-----------------------------------

### IgG antibody in serum

As shown in [Figure 6](#f6-ijn-9-389){ref-type="fig"}, the antibody titers quickly increased at the second week post immunization in chickens immunized with the naked plasmid DNA injected intramuscularly (IM). The titers peaked at the fourth week post immunization, which was significantly different (*P*\<0.05) compared to the immunized groups. Conversely, the antibody titers of chickens immunized with the pFNDV-CS-NPs IM and intranasally (IN), peaked at the fifth week post immunization and maintained a higher IgG level up to the seventh week. In addition, they were different from those immunized with the naked plasmid DNA IM (*P*\<0.05), suggesting a sustained release profile.

### IgA antibody assay

The changes of IgA content in serum, tears, tracheal fluid, and bile are shown in [Figure 7](#f7-ijn-9-389){ref-type="fig"}. The chickens immunized with the pFNDV-CS-NPs injected IN had significantly higher IgA antibody titers *(P*\<0.05) and a longer IgA antibody secretion period in tears ([Figure 7B](#f7-ijn-9-389){ref-type="fig"}), tracheal fluid ([Figure 7C](#f7-ijn-9-389){ref-type="fig"}), and bile ([Figure 7D](#f7-ijn-9-389){ref-type="fig"}) compared to other groups. In serum, although there was no difference among the immunization groups, the IgA antibody titers were significantly higher than the blank CS-NP and PBS control groups ([Figure 7A](#f7-ijn-9-389){ref-type="fig"}). These findings indicated that the pFNDV-CS-NPs induced quicker and better mucosal immune responses than the naked plasmid DNA vaccine.

### Lymphocyte proliferation assay

The cell-mediated immune responses of immunized chickens were assessed by the stimulating index (SI) in the lymphocyte proliferation test at 2, 4, and 6 weeks post immunization ([Table 3](#t3-ijn-9-389){ref-type="table"}). The stimulation indices of chickens immunized with the pFNDV-CS-NPs either IM or IN were significantly higher than those of chickens immunized with the plasmid DNA, or with blank CS-NP (*P*\<0.01) at the fourth and sixth weeks post immunization. The group of chickens immunized with the pFNDV-CS-NPs IN were significantly higher than the chickens immunized with the pFNDV-CS-NP IM (*P*\<0.05). These findings indicate that the pFNDV-CS-NPs significantly enhanced immunity function of T lymphocytes in immunized chickens.

### Protective efficacy of the pFNDV-CS-NPs

There were no clinical symptoms and no mortality in chickens immunized with the pFNDV-CS-NPs IN after challenge with the highly virulent NDV strain F~48~E~9~. The protective efficacy was 100% ([Table 4](#t4-ijn-9-389){ref-type="table"}). Feeding, drinking water, and mental state were normal. Pathoanatomical results showed that there were no obvious pathological changes of ND; histopathology slides of the glandular stomach, duodenum, and bursa of Fabricius showed that there were no histopathological changes ([Figure 8](#f8-ijn-9-389){ref-type="fig"}).

Feeding, drinking water, and mental state were normal in chickens immunized with the pFNDV-CS-NPs IM after challenge with the highly virulent NDV strain F~48~E~9~, but one chicken died and the protective efficacy was 80%. Histopathology slide results showed that there were a small amount of necrocytosis in the glandular stomach, a miniscule amount of hemorrhage in the mucous layer of duodenum but with intact intestinal wall and intestinal villus, and some myelomonocytic thanatosis in the bursa of Fabricius showing vacuole-shapes.

Chickens immunized with the naked plasmid DNA group had mild clinical symptoms of lassitude, discharged yellow and green stools, and had empurpled cockscombs; the protective efficacy was 60% in chickens immunized with naked plasmid DNA. Histopathology slide results showed that there was a small amount of necrocytosis in the glandular stomach showing network structures, a miniscule amount of hemorrhage in the mucous layer of duodenum, and some follicular cell thanatosis but without noticeable reduction.

Chickens immunized with PBS and blank CS-NPs were all dead in 2--5 days after the challenge; the protective efficacy was 0% ([Table 3](#t3-ijn-9-389){ref-type="table"}). The dead chickens had typical pathological changes of ND, such as mucosal hemorrhages in proventriculus papillae, duodenum, heart fat, and intestine. Histopathology slide results showed that there was a large amount of necrocytosis in the glandular stomach, non-existent network structures, serious hemorrhage in the mucous layer of duodenum with incomplete intestinal wall and intestinal villus, and some follicular cell thanatosis in the bursa of Fabricius showing vacuole-shapes.

These results showed that the pFNDV-CS-NPs by intranasal route quickly induced effective mucosal immune response.

Discussion
==========

DNA vaccines have received much attention because they offer several advantages over classical antigen vaccines. The potential for DNA vaccines to overcome maternal immunity, stability issues, costs, and the non-requirement of cold chain has highlighted the promise of DNA vaccines. The main purpose of this study was to develop an NDV DNA nanoparticle vaccine that could express the plasmid DNA of the DNA vaccine and enhance mucosal immune response and antibody immune responses compared to the naked DNA vaccine. Microencapsulation of vaccine antigens and adjuvants has been studied for years as a strategy for mucosal immunization. In this regard, biodegradable polymer microparticles have been investigated as potential carriers for more than 20 years for their role in peptide and protein antigen delivery for human diseases therapy. However, there are few reports on microencapsulation of veterinary vaccines as mucosal delivery systems. Hence, in order to study biodegradable polymers as delivery vectors for veterinary virus vaccines, by using a low-virulence live-virus vaccine against ND as a model vaccine, we prepared chitosan nanoparticles containing the low-virulence live-virus vaccine against ND (NDV-CS-NPs) using an ionic crosslinking method. The results showed that there was no damage to NDV proteins after encapsulation; better immune responses in SPF chickens immunized with NDV-CS-NPs were induced; and the release of the NDV was prolonged compared to chickens immunized with the live NDV vaccine strain La Sota.[@b37-ijn-9-389] To further prove whether biodegradable polymers could also be used as a delivery vector for veterinary antigen genes and the prepared biodegradable polymer microparticles could realize sustained release and induce desired mucosal immunity, we prepared F gene plasmid DNA of NDV encapsulated in chitosan nanoparticles (pFNDV-CS-NPs) using a complex coacervation method. We chose chitosan as a carrier for DNA encapsulation because DNA plasmids are negatively charged and chitosan (cationic polypeptides) are positively charged, which enhances bioadhesivity and site-specific applications in controlled delivery systems.[@b25-ijn-9-389],[@b38-ijn-9-389] Therefore, microspheres/nanoparticles can increase the residence time of drugs in the nasal mucosa compared with solutions, and exert a direct effect on the nasal mucosa, resulting in the opening of tight junctions between the epithelial cells.[@b39-ijn-9-389] It should be noted that microspheres/nanoparticles have been proven as an effective carrier for the delivery of drugs in nasal administration.[@b35-ijn-9-389],[@b40-ijn-9-389]--[@b42-ijn-9-389]

The pFNDV-CS-NPs prepared using a complex coacervation method have the advantages of mild preparation conditions, no organic solvents, protection of plasmid DNA from degradation, remaining solvent in the course of nanoparticles preparation, and ease of obtaining high quality chitosan nanoparticles.[@b43-ijn-9-389] We discussed the different concentrations of chitosan and Na~2~SO~4~ solutions, N/P ratio, and pH in the process of nanoparticle preparation. Finally, we standardized the optimal preparation conditions of the nanoparticles with a chitosan concentration of 200 μg/mL, a Na~2~SO~4~ concentration of 5.0 mmol/L, and an N/P ratio of 3:1. Under the optimal preparation conditions, the nanoparticles were produced in the desired size and the bioactivity of loaded DNA plasmid remained. The prepared pFNDV-CS-NPs showed a smooth surface, good dispersity, and no adherence or collapse phenomenon. The average size of the pFNDV-CS-NPs was 199.5 nm, which is in accordance with previously published results on the use of chitosan to form DNA complexes.[@b44-ijn-9-389]--[@b46-ijn-9-389] The polydispersity index (PDI) was 0.336 and the Zeta potential was +12.11 mV.

It is important to determine the encapsulation efficiency for incorporating DNA into nanoparticles because it determines the effectiveness of the gene delivery and subsequent expression of encoded genes in vitro and in vivo.[@b44-ijn-9-389] Encapsulation of DNA plasmids with chitosan to form nano-particles is dependent on factors such as molecular weight of the chitosan, N/P ratio, polymer charge density, pH, polymer structure, and degree of deacetylation.[@b47-ijn-9-389]--[@b49-ijn-9-389] In this study, we used the complex coacervation method, which yielded a high encapsulation efficiency of 98.37%±0.87%. The loading capacity of the nanoparticles was 36.12%±0.19%, which is comparable to previously reported work.[@b47-ijn-9-389] The pFNDV-CS-NPs also protected the plasmid DNA encapsulated in the chitosan nanoparticles from DNase digestion, as shown by electrophoresis after the enzyme digestion. These results indicate that the prepared pFNDV-CS-NPs achieved the desired objectives and provided a theoretical basis for DNA vaccine nanoparticle preparation. The reason why plasmid DNA from chitosan nanoparticles was partially digested after treatment with chitosanase and DNase I might be due to the short incubation time (30 minutes) for the two enzymes, or because the first step, digestion of chitosan nanoparticles by chitosanase, subsequently inhibited the digestion of the released plasmid DNA by DNase I, for unknown reasons.

We also studied the in vitro release of plasmid DNA from chitosan nanoparticles. Chitosan can form salts with inorganic and organic acids such as hydrochloric acid, acetic acid, and glutamic acid, but it is insoluble at neutral and alkaline pH values.[@b50-ijn-9-389] Hu et al[@b51-ijn-9-389] showed that the swelling of the nanoparticles and pH values of the released medium influence the release of the gene from nanoparticles and at pH 7.0--7.4 the nanoparticles are swollen to a great extent compared to the nanoparticles at pH,4.0. Therefore, the release analysis study was conducted by using pFNDV-CS-NPs swollen in PBS (pH 7.4) solution and the degree of release was observed at different time intervals. There was a burst release of the plasmid DNA between 0 and 24 hours due to solubilization of the plasmid DNA that adhered to the nanoparticles surface. From 24 to 120 hours, the plasmid DNA was continuously released, which was the main and stable release stage of the nanoparticles. After 120 hours, the release curve of pFNDV-CS-NPs flattened out, and the plasmid DNA was released almost completely (up to 82.9%±2.9%).

The in vitro cell toxicity studies showed that the pFNDV-CS-NPs had low cytotoxicity and high safety. The cells transfected with the plasmid DNA from the pFNDV-CS-NPs showed NDV specific antigen expression as detected by indirect immunofluorescence staining, and a specific 58 kDa antigen expression was detected by Western blot analysis. In vivo cytotoxicity test by oral administration and IN and IM injection immunization showed that the pFNDV-CS-NPs were safe for use, as no pathological changes were observed in immunized chickens. All the results showed that the nanoparticle production procedure was safe, and the bioactivity of the plasmid DNA remained after the production of the nanoparticles.

Analyses of IgG and IgA antibody responses from the naked plasmid DNA, pFNDV-CS-NPs, and blank chitosan nanoparticles revealed that intranasal immunization with pFNDV-CS-NPs induced stronger antibody responses than immunization with naked plasmid DNA. Intranasal immunization is very effective in eliciting mucosal and systemic immune responses.[@b52-ijn-9-389],[@b53-ijn-9-389] Previous studies have suggested that chitosan enhances the immunity of the vaccine by providing longer residence times in the nasal cavity and by transiently opening the tight junctions among the mucosal cells, which allows the vaccine to better access the lymphoid tissue[@b52-ijn-9-389] and results in increased IgG production.[@b54-ijn-9-389] Similarly, chitosan has also been shown to increase membrane permeability when used as a nasal vaccine delivery system.[@b55-ijn-9-389] Therefore, more B cells differentiate into immunoglobulin A (IgA) plasma cells and produce more IgA antibody.[@b56-ijn-9-389] Our results revealed that intranasal immunization of pFNDV-CS-NPs induced stronger humoral and mucosal immunity and reached the sustained release effect.

Despite recent progress, the following challenges will need to be addressed in the future: 1) trace amounts of initiator, toxic organics, and other impurities in the polymer; 2) toxic solvent left in the natural polymer during nanoparticle preparation; 3) high cost; and 4) controlled and targeted release of nanoparticles. The solutions are in sight with technological advancements in the biomedical sciences and material sciences.

Conclusion
==========

In this study, we successfully prepared pFNDV-CS-NPs that induced significantly higher mucosal and humoral immune responses. Moreover, low-viscosity biodegradable polymer nanoparticles such as chitosan can protect the plasmid DNA from degradation and help the expression of the plasmid DNA encapsulated. These results show that the CS-NPs encapsulated plasmid DNA is a safe and efficient drug release carrier system with immense potential for medical application in the future.
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![Transmission electron microscopy micrograph of the pFNDV-CS-NPs (magnification 30,000×). (**A**) pFNDV-CS-NPs at pH 5.5; (**B**) pFNDV-CS-NPs at pH 7.4.\
**Abbreviation:** pFNDV-CS-NPs, Newcastle disease virus F gene encapsulated in chitosan nanoparticles.](ijn-9-389Fig1){#f1-ijn-9-389}

![Size distribution and Zeta potential of the pFNDV-CS-NPs. (**A**) Measurement of these particles showed a narrow distribution of the pFNDV-CS-NPs, and the average diameter was 199.5 nm; (**B**) measurement of these particles showed a Zeta potential of +12.11 mV.\
**Abbreviation:** pFNDV-CS-NPs, Newcastle disease virus F gene encapsulated in chitosan nanoparticles.](ijn-9-389Fig2){#f2-ijn-9-389}

![Stability analysis of the plasmid DNA after encapsulation in the chitosan nanoparticles.\
**Notes:** Lane1: untreated naked plasmid pVAX I-optiF; Lane 2: untreated chitosan encapsulated plasmid DNA; Lane 3: naked plasmid pVAX I-optiF treated by DNase I; Lane 4: pFNDV-CS-NPs treated by DNase I; Lane 5: pFNDV-CS-NPs treated by DNase I and chitosanase; M: DNA marker DL 15000.\
**Abbreviations:** DNA, deoxyribonucleic acid; pFNDV-CS-NPs, Newcastle disease virus F gene encapsulated in chitosan nanoparticles; pVAX I-optiF, eukaryotic expression plasmids.](ijn-9-389Fig3){#f3-ijn-9-389}

![In vitro release profiles of the plasmid DNA pVAX I-optiF from pFNDV-CS-NPs.\
**Note:** Data are presented as the mean ± standard deviation (n=3).\
**Abbreviations:** DNA, deoxyribonucleic acid; pFNDV-CS-NPs, Newcastle disease virus F gene encapsulated in chitosan nanoparticles; pVAX I-optiF, eukaryotic expression plasmids; pFDNA, DNA in pFNDV-CS-NPs.](ijn-9-389Fig4){#f4-ijn-9-389}

![In vitro expression of the pFNDV-CS-NPs in 293T cells by the indirect immunofluorescence analysis (×40) and Western blot. (**A**) The naked plasmid DNA pVAX I-optiF group; (**B**) pFNDV-CS-NPs transfected group; (**C**) blank CS-NP group; (**D**) 293T cell group as the negative control; (**E**) Lane 1: pFNDV-CS-NPs transfected group; Lane 2: naked plasmid DNA groups; M: Protein marker; Lane 3: 293T cells as the negative control; Lane 4: blank CS-NP group.\
**Abbreviations:** CS, chitosan; DNA, deoxyribonucleic acid; pFNDV-CS-NPs, Newcastle disease virus F gene encapsulated in chitosan nanoparticles; pVAX I-optiF, eukaryotic expression plasmids.](ijn-9-389Fig5){#f5-ijn-9-389}

![IgG antibody titers in serum of SPF chickens immunized with PBS (IM), blank CS-NP (IM), blank CS-NP (IN), and the naked plasmid DNA (IM), pFNDV-CS-NPs (IM), pFNDV-CS-NPs (IN).\
**Note:** Data are presented as the mean ± standard deviation (n=5).\
**Abbreviations:** CS, chitosan; DNA, deoxyribonucleic acid; IM, intramuscularly; IN, intranasally; OD, optical density; PBS, phosphate buffered saline; pFNDV-CS-NPs, Newcastle disease virus F gene encapsulated in chitosan nanoparticles; SPF, specific pathogen free; IgG, immunoglobulin G.](ijn-9-389Fig6){#f6-ijn-9-389}

![IgA antibody content in serum (**A**), tears (**B**), tracheal fluid (**C**), and bile (**D**) of SPF chickens immunized with PBS (IM), blank CS-NP (IM), blank CS-NPs (IN), and the naked plasmid DNA (IM), pFNDV-CS-NPs (IM), pFNDV-CS-NPs (IN).\
**Note:** Data are presented as the mean ± standard deviation (n=5).\
**Abbreviations:** CS, chitosan; DNA, deoxyribonucleic acid; IM, intramuscular; IN, intranasal; PBS, phosphate buffered saline; pFNDV-CS-NPs, Newcastle disease virus F gene encapsulated in chitosan nanoparticles; SPF, specific pathogen free; IgA, immunoglobulin A.](ijn-9-389Fig7){#f7-ijn-9-389}

![Histopathology slides of normal glandular stomach, duodenum, and bursa of Fabricius and the same organs challenged with the highly virulent NDV strain F~48~E~9~.\
**Notes:** (**A1**--**A3**) normal tissues of the glandular stomach, duodenum, and bursa of Fabricius; (**B1, C1, D1, E1, F1** and **G1**) tissues of the glandular stomach PBS (IM), blank CS-NP (IM), blank CS-NPs (IN), and the naked plasmid DNA (IM), pFNDV-CS-NPs (IM), pFNDV-CS-NPs (IM); (**B2, C2, D2, E2, F2** and **G2**) tissues of the duodenum PBS (IM), blank CS-NP (IM), blank CS-NPs (IN), and the naked plasmid DNA (IM), pFNDV-CS-NPs (IM), pFNDV-CS-NPs (IN); (**B3, C3, D3, E3, F3** and **G3**) tissues of the bursa of Fabricius PBS (IM), blank CS-NP (IM), blank CS-NPs (IN), and the naked plasmid DNA (IM), pFNDV-CS-NPs (IM), pFNDV-CS-NPs (IN).\
**Abbreviations:** CS, chitosan; DNA, deoxyribonucleic acid; IM, intramuscularly; IN, intranasally; NP, nanoparticles; NDV, Newcastle disease virus; PBS, phosphate buffered saline; pFNDV-CS-NPs, Newcastle disease virus F gene encapsulated in chitosan nanoparticles.](ijn-9-389Fig8){#f8-ijn-9-389}

###### 

Optimization of pFNDV-CS-NPs preparation conditions by orthogonal experimental design

  Experiment number   Chitosan concentration (μg/mL)   Na~2~SO~4~ concentration (mmol/mL)   N/P ratio   Entrapment efficiency (%)
  ------------------- -------------------------------- ------------------------------------ ----------- ---------------------------
  1                   100                              5                                    1           74.87±0.92
  2                   100                              10                                   2           83.03±1.91
  3                   100                              15                                   3           92.46±1.65
  4                   100                              20                                   4           87.97±1.47
  5                   150                              5                                    2           84.57±1.04
  6                   150                              10                                   1           73.43±0.49
  7                   150                              15                                   4           89.46±1.17
  8                   150                              20                                   3           93.10±1.40
  9                   200                              5                                    3           98.37±0.87
  10                  200                              10                                   4           93.43±1.00
  11                  200                              15                                   1           76.37±1.10
  12                  200                              20                                   2           87.47±0.49
  13                  250                              5                                    4           91.43±0.50
  14                  250                              10                                   3           83.40±0.67
  15                  250                              15                                   2           87.70±0.98
  16                  250                              20                                   1           71.33±1.80
  T1                  84.58%                           87.31%                               74%         
  T2                  85.14%                           83.32%                               85.69%      
  T3                  88.91%                           86.50%                               91.83%      
  T4                  83.47%                           84.97%                               90.57%      
  R                   5.44%                            3.99%                                17.83%      

**Notes:** T1, T2, T3 and T4 represent the mean value of factors at 1, 2, 3, and 4 levels, respectively; R represents range; data are shown as the mean ± standard deviation (n=3); N/P ratio refers to the number of nitrogen residues per deoxyribonucleic acid (DNA) phosphate.

**Abbreviation:** pFNDV-CS-NPs, Newcastle disease virus F gene encapsulated in chitosan nanoparticles.

###### 

Evaluation of entrapment efficiency and loading capacity

  Experiment number   Entrapment efficiency (%)   Loading capacity (%)
  ------------------- --------------------------- ----------------------
  1                   99.5                        36.8
  2                   98.2                        35.2
  3                   97.4                        37.1
  4                   98.7                        38.5
  5                   99.1                        36.7
  Mean value          98.58±0.73                  36.86±1.05

**Note:** Values are presented as mean ± standard deviation of five experiments in each group.

###### 

The stimulating index of T lymphocyte proliferation in specific pathogen free chickens after immunization

  Group             Stimulating index                      
  ----------------- ------------------- ------------------ ------------------
  PBS               1.0345±0.0115^c^    1.0805±0.0065^c^   1.1055±0.0035^d^
  Blank CS-NPs IM   1.0275±0.0155^c^    1.2385±0.0075^c^   1.3240±0.003^d^
  Blank CS-NPs IN   1.1660±0.048^c^     1.3065±0.0175^c^   1.4170±0.004^d^
  pVAXI-opti F IM   2.0645±0.0785^a^    3.3300±0.0090^a^   2.8165±0.0305^c^
  pFNDV-CS-NPs IM   1.8865±0.1005^b^    2.9245±0.0515^b^   3.3490±0.008^b^
  pFNDV-CS-NPs IN   2.1850±0.0400^a^    3.4895±0.0585^a^   4.1755±0.0375^a^

**Notes:** Values are presented as mean ± standard deviation of five experiments in each group; values within the same column with the different lower case letter (^a--d^) in the superscript are significantly different (*P*\<0.05; Student's *t*-test).

**Abbreviations:** CS, chitosan; IM, intramuscularly; IN, intranasally; PBS, phosphate buffered saline; pFNDV-CS-NPs, Newcastle disease virus F gene encapsulated in chitosan nanoparticles.

###### 

Protective efficacy of the immunized specific pathogen free chickens after challenge with the highly virulent NDV strain F~48~E~9~

  Group             Mortality/total   Morbidity(%)   Protective efficacy (%)
  ----------------- ----------------- -------------- -------------------------
  PBS               5/5               100            0
  Blank CS-NPs IM   5/5               100            0
  Blank CS-NPs IN   5/5               100            0
  pVAXI-opti F IM   2/5               40             60
  pFNDV-CS-NPs IM   1/5               20             80
  pFNDV-CS-NPs IN   0/5               0              100

**Abbreviations:** CS, chitosan; IM, intramuscularly; IN, intranasally; NDV, Newcastle disease virus; PBS, phosphate buffered saline; pFNDV-CS-NPs, Newcastle disease virus F gene encapsulated in chitosan nanoparticles.
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